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ABSTRACT

Using a well established model, we systematically analyze fundamental limitations on the viability of using mechanical unzipping of DNA as
a fast and inexpensive sequencing method. Standard unzipping techniques, where double-stranded DNA is unzipped through the application
of a force at one end of the molecule, are shown to be inadequate. Emerging techniques that unzip DNA by local force application are more
promising, and we establish the necessary experimental requirements that must be met for these techniques to succeed as single molecule
sequencing tools.

Development of fast and accurate DNA sequencing methodsand recently by atomic force microscopy (AFMY10 base

is certain to spur significant advances in biomedical researchpair resolution), but this technique is limited to small
and biotechnology. Important examples are the developmentmolecules’

of individualized drugs and preventive measures against The aim of this work is to establish theoretical limits on
various common diseasé#\dditional to the obvious bio-  the applicability of mechanical unzipping as an efficient
medical interest, DNA sequencing may also lead to important sequencing tool. First, we will analyze fundamental restric-
achievements in computer science. Since more th&'bit8  tions that plague current experimental techniques. Second,
of information can be storedhil g ofdehydrated DNA, it we will investigate whether novel local unzipping techniques
has been suggested as a data storage medium with orders afnder current development can sufficiently improve resolu-
magnitude higher capacity than current devit€smilarly, tion and accuracy. We will use a simple one-dimensional
DNA-based computing could dramatically increase the model introduced by PeyrardBishop—Dauxois (PBDJ8that
efficiency of numerical simulations currently provided by has been demonstrated to accurately predict details of the
silicon-based computefsCurrent DNA sequencing tech-  thermal denaturation as well as the sequence dependence of
niques are, however, very expensive, time-consuming, andlocal openings (bubbles) in DN Very recent studies

far too inaccurate for such broad applications. Therefore, it have additionally demonstrated that the predictions of the
is clearly desirable to develop a next generation of sequenc-PBD model are also in excellent agreement with experimental
ing tools, enabling rapid, massive sequencing at the singlemeasurements of the mechanical unzipping of DRA.

molecule level. A schematic representation of our modeling framework
Single molecule mechanical unzipping of double-stranded is shown in Figure 1. The dynamics of double-stranded DNA
DNA has been proposed as a possible sequencing methodare described by a single degree of freedom corresponding
since the binding strengths between complementary baseo the relative distortion of a base pair from its equilibrium
pairs can potentially be accurately detected by a force probeposition. The hydrogen bonds between the complementary
during the unzipping process. If the experimental apparatusbases are phenomenologically described by Morse potentials,
can achieve sufficient sensitivity to probe a single base pair while the interactions between nearest base pairs are
unzipping event, then the sequence information can possiblyrepresented by nonlinear springsSimilarly to a standard
be extracted from the force signal. In such a case, DNA unzipping experiment, we consider the first base to be fixed
sequencing can be done in a matter of hours with a to a substrate, while its complementary base is tethered to a
nonprohibitive cost for general use. Several different ex- force probe through a polymeric link. For the sake of
perimental setugshave been suggested for the mechanical simplicity, the total stiffness of the link and the force probe
unzipping of DNA and the best resolutions have been is modeled by a linear spring of stiffneks. The double
achieved by optical tweezers-100 base pair resolution)  strand is gradually unzipped by moving the force probe at
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Figure 1. A schematic representation of the PBD model in a

dynamic force spectroscopy experiment. Figure 2. The density plot of the probabiliti(y1,yo) of a single

. . bond for (a)kg = 16, (b)ko = 160, and (cko = 1.6 x 10* pN/nm.
constant velocity. The force needed to unzip the molecule |n all cases the temperature is 300 K (see text for details).

at a given extension is determined using a simple Monte
Carlo method? More specifically, we displace the force vanishes, are experimentally inaccessible. However, this
probe by a distancAy (Yo — Yo + Ay) and then perfornN inaccessible area decreases with increasing probe stiffness
Monte Carlo steps to compute the resulting average distortionand forky > 1.6 x 10* pN/nm (plot c), the dissociation
of the molecule. The force is then given by Hooke’s laiw: process becomes continuous with no inaccessible redfions.
= ko(Yo — OhD), wherey,0is the position of the first base  Consequently we see that the spatial resolution can be
pair. Within this numerical approach, the speed of pulling improved by stiffer probes.
is defined asp = AyY/N (see ref 12 for more details). The In the case of DNA unzipping, an ever increasing amount
sequence of the molecule is recorded in the force extensionof flexible single strand is created between the force probe
profile; adenine-thymine (AT) rich regions are unzipped by and the unzipping site. This results in a problematic decrease
a force of 9-10 pN, while guaninecytosine (GC) rich in the combined stiffness of the probe and the additional
regions require a force of 320 pN, which is in excellent  single strand. The single strand will quickly dominate the
agreement with experimental observatiéis:4 effective stiffness of the apparatus, and the resolution
Although such dynamical force spectroscopy methods canconsequently deteriorates. An effective way of illustrating
provide very important information on the stability of the the resolution deterioration of a dynamics force spectroscopy
molecule, it is difficult to use it for DNA sequencing. The experiment is to study periodic DNA molecules composed
difficulty can be directly attributed to the stiffness of the of repeating AT and GC blocks, each containing N base pairs.
experimental force probe apparatus, as well as to the internalFollowing the experimental work of ref 6, we determine the
flexibility of the molecule, which both impose severe number of base pairs that can be detected based on the force-
restrictions on the applicability of this technique as a extension profiles. In Figure 3a, we plot the force extension
sequencing tool. curves forN = 10, 20, and 30 at room temperature. The
The dissociation of a single bond provides a suitable periodicity of the molecule is reflected in the force extension
illustration of these limitation$> We consider that the bond  profile, but in all three cases the force signal decreases with
is well approximated by a Morse potenti&(y;) = D[1 — increasing extension and vanishes completely when the
exp(ayi)]? wherey; is the distortion from the equilibrium  effective stiffness becomes too small. In this regime, the
position, whileD = 0.063 eV anda = 5.5 AL These signal becomes flat and the force obtained merely corre-
parameter values are typical for the description of a basesponds to the mean value of the force needed to unzip AT
pair interactiorf. Within this description the bond can be and GC base pair. However, Figure 3 clearly demonstrates
considered as boundyf < 0.5 A and unbound beyond this  that the largeN becomes, the more repeating blocks the
point. The experimentally detectable areas of this bonding method can deteé?. At room temperature we were unable
potential are determined by the equilibrium probability to obtain resolutions better thaw = 5. The resolution of
P(y1,Yo) O exp[—{ 2V(y1) + ko(y1 — Yo)?}/2kT] of finding the this technique can be improved by reducing thermal fluctua-
bond with distortiory;, while the force probe is at a distance tions. This is illustrated in Figure 3b, where we present the
Yo away from the initial position. The larger this probability, force—extension curve of a periodic moleculd € 10), for
the more easily the state can be detected by the force probethree different temperatures. As shown, the force signal
In Figure 2 we show the probability(y1,yo) at room variation becomes more distinct and persistent as the
temperature, for three different probe stiffnesses. For relativetemperature decreases. However the signal eventually van-
small values ok, (<160 pN/nm) (plots a and b), there is a ishes even at very low temperatures. Even, in the practically
significant barrier between the bound and the unbound stateunachievable, zero temperature limit, sequencing of large
of the bond. States close to the barrier, where the probability molecules remains impossible: With the thermal fluctuations
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the unzipped base pairs. With= 400 pN/nn§ andk, =
100 pN/nm, which is the stiffness of a typical AFM Figure 4. Unzipping DNA by a local force probe. (a) Foree
cantilever* the effective stiffness foy = 100 base pairs is ~ time profile of the unzipping a periodic DNA withl = 5 by a

S g . local force probe. (b) Probability density function of the unzipping
lower than 4 pN/nm. This is insufficiefitfor the detection event indicated by the arrow in (a). (c) Most probable rapture force

of a single base pair, so even at zero temperature, sequencingersus base pair. The force probe stiffnesg s 160 pN/nm, and
of large molecules remains impossible. vo = 10* A/MC steps.

The development of experimental techniques that circum-
vent the problems caused by the increasing single-strand linkbase pairs require lower rupture forces than AT. This
between the force probe and unzipping sites is currently phenomenon is attributed to the stochastic nature of the
underway. Such methods attempt to apply a principle similar process; there is always a finite probability for a GC base
to a familiar clothing zipper by always applying the force pair to rupture at a lower force than a AT base pair. More
locally.*® The basic concept is to attach a nanoscopic ring accurate detection of the base pair variation can be achieved
(realized for instance by a cyclodextrin molecule or small by obtaining the most probable force of a given unzipping
nanotubes) to an AFM cantilever and thread one of the DNA event. The probability distribution functions (PDF) for the
strands through the ring. As the force probe moves, the singlerupture force of the unzipping event indicated by an arrow
strand slides through the ring unzipping the double-strandedin Figure 4a is presented in Figure 4b. The most probable
molecule. The forces applied through this procedure are thenunzipping force (rupture force) is obtained by fitting the
detected by the deflection of the AFM cantilever. Although, theoretical PDF for a single bond dissociation under a
the accuracy of this technique of course still depends on theconstant force loading rafeo the numerical data. In Figure
effective stiffness of the AFM cantilever and the molecular 4c, we present the most probable rupture force as a function
ring, the advantage is that the force probe stiffness remainsof base pairs for &N = 5 sequence and the sequence
constant throughout the entire process. periodicity can now be accurately extracted from this profile.

To simulate this process within the PBD model, we Additionally, we observe (directly int the simulations) that
approximate the effective stiffness of the AFM cantilever the base pairs tend to rupture in bursts rather than one by
and the molecular ring by a linear spring. Once a given baseone. If the method could detect single base pair rupture
pair is unzipped, then the force probe relaxes and moves toevents, the obtained force signal would be a step function;
the next base pair. This process is repeated until the finalthe lower (higher) value corresponding to the rupture of a
base pair of the molecule is unzipped. In Figure 4a, we AT (GC) base pairs. Instead we observe a sinusoidal force
present the force detected by the probe as a function of timesignal indicating that each unzipping event is affected by
for a periodic moleculeN = 5) at room temperature. This the neighboring base pairs. We can, for instance, see that
saw-tooth structure can be interpreted by relating the higherthe AT base pairs closer to GC blocks require higher force
rupture forces to the stronger GC base pairs and the lowerto unzip than those in the middle of an AT block. The
forces to the weaker AT base pairs. However, as shown, theuncertainty of 16-15 base pairs at the beginning of the
molecular sequence cannot be uniquely obtained by a singleprocess is caused by the open boundary conditions. This
simulation. Some unzipping events that correspond to GC problem disappears once the force probe location is beyond
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In summary, we have presented a numerical analysis of

’z; DNA sequencing by dynamic force spectroscopy. In par-
Py ‘ ticular, we have shown that current experimental techniques
E I T=300K for DNA unzipping cannot be used as efficient sequencing
404 . . ‘ ‘ | tools. Even in the case of a perfect force sensor and at
0 20 40 60 80 100 sufficiently low temperatures, these techniques are inadequate

N I N . © to provide reliable data, because of the high flexibility of
IS BEEEE Wi© the single-stranded DNA. We have also investigated the

A ) resolution and reliability of a more sophisticated method,
0 20 20 60 %0 10 under development, used for local unzipping of DNA. We

0 . .
base pair conclude that this method could provide a source of DNA

_ _ _ ) sequencing in the case of (a) very stiff and accurate force
e e e o e oy probes, (b) a arge number of measurements being perfomed
to the mean value of that at 300 K, for ease of comparison. (b, ¢) fOF €ach molecule, and (c) the development of an effective
The density plots of the curves presented in (a)Tfer 300 K and filtering method for the experimental data acquired. Further

T = 200 K, respectively. (d) The ideal density plot for the real improvement can be achieved by decreasing the thermal

sequence (red region correspond to GC base pair, and blue to AT).§,ctuations in a lower temperature regime
In all casesk, = 160 pN/nm, andy = 10* A/MC steps. P 9 '
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